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INTRODUCTION 


This publication presents the principles of hemodynamic pressure measure¬ 
ments of the human cardiovascular system and discusses the interpretation 
of the results of current blood pressure measurement techniques. The infor¬ 
mation contained within this monograph provides the technician, clinical en¬ 
gineer and biomedical engineer with a working knowledge of cardiovascular 
physiology and the various technologies related to the assessment of human 
blood pressure. 

The circulatory system provides the mechanism for a quick and con¬ 
tinuous revitalization of all the cells which must occur to provide nutrients and 
remove waste products from the entire body. The heart, the major power com¬ 
ponent of the circulation, works as two pumps connected in series with the 
right ventricle forcing blood through the lungs while the left ventricle pushes 
blood throughout the remainder of the body. 

Blood exits the heart's ventricles into the arteries. Production of arterial 
blood pressure comprises a complex interaction of many variables in the cir¬ 
culatory system. With the heart serving as a pulsatile pump, a given volume 
of blood enters the arteries with each heart beat and produces pressure pulses 
in the arterial system. These pressure pulses subsequently travel down the 
arterial tree in the form of a pressure wave, which changes in configuration 
as it moves away from the heart. The propagated pressure wave produces 
arterial pulsations that can be felt at several locations throughout the body such 
as the radial artery in the wrist and the carotid artery in the neck. Arterial blood 
pressure is the quantitative measurement of the observed pulsation. 

A thorough examination of the quality of the systemic arterial pulsa¬ 
tions is an integral part of any cardiac assessment. Blood pressure measure¬ 
ments are obtained clinically by both invasive and noninvasive methods. 
Invasive, or direct, blood pressure monitoring requires gaining access to the 
circulatory system by means of a catheter and recording the pressure of the 
blood within the vessel directly using a pressure transducer. Noninvasive, or 
indirect, blood pressure measurement involves the detection of blood pressure 
without puncturing the skin, usually by employing an occluding cuff. Phys¬ 
iological distortion and measurement errors can cause inaccuracy in both the 
invasive and noninvasive techniques for assessing blood pressure. Such dis¬ 
tortions and errors could adversely affect the diagnosis and/or treatment of the 
patient. Therefore, one must become skilled in interpreting the results of vari¬ 
ous blood pressure measurement techniques. 




Figure 1.1 — The basic circulatory system. 
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1.0 ARTERIAL PRESSURE PULSES _ 

1.1 Anatomy and Physiology 
of the Circulatory System 

The cardiovascular system consists of a set of tubes, known as blood 
vessels, through which blood flows and a pump, the heart, that pro¬ 
vides the energy necessary to propel the blood. The entire system 
forms a closed circuit with the blood continuously pumped out of 
the heart through one set of vessels (arteries) and returned to the 
heart via a different vessel group (veins). This circulatory system is 
composed of two distinct circuits: the pulmonary circulation to the 
lungs and the systemic circulation to the remainder of the body. Both 
circuits begin and end at the heart, which is divided longitudinally 
into two functional halves. The pulmonary circulation receives de- 
oxygenated venous blood pumped from the right side of the heart, 
transports it to the lungs where it is oxygenated, and returns it to 
the left side of the heart. The systemic circulation receives oxygenated 
blood pumped from the left side of the heart and delivers it to all 
the tissues of the body, including the bronchial circulation, return¬ 
ing the deoxygenated blood to the right side of the heart. In both cir¬ 
cuits, the vessels carrying blood away from the heart are called arteries 
and those returning blood to the heart are called veins (Figure 1.1). 

1.1.1 Anatomy of the Heart 

The heart is a muscular organ located in the chest (thoracic) cavity 
slightly to the left of the sternum. Its walls are composed of a special¬ 
ized muscle known as myocardium. The outer and inner surfaces 
are called epicardium and endocardium, respectively. A thin layer 
of cells, the endothelium, lines the heart's inner surface that comes 
in contact with the blood. The entire heart is covered by a fibrous 
sac, the pericardium. 
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Figure 1.2 — A diagramatic section through the heart, 
with the arrows indicating the direction of blood flow. 
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The heart functions as a dual, two-stage pump. Each half of 
the heart contains two chambers, an atrium and a ventricle, which 
are separated vertically by an interatrial and interventricular septum, 
respectively. (Figure 1.2). The atria function principally as collecting 
chambers for blood returning to the heart. They also aid in the final 
filling of the ventricles by their weak pumping action. The atrial 
contribution to ventricular filling is small in the normal unstressed 
heart but can be very significant in various forms of heart disease. 
The ventricles supply the energy necessary to propel blood through 
either the pulmonary or the systemic (peripheral) vessel circuits. 

Between the chambers of the atrium and the ventricle are the 
atrioventricular valves (A-V valves), which are present on both sides 
of the heart. The A-V valves (the tricuspid on the right side and the 
mitral on the left side) prevent backflow, or regurgitation, of the blood 
from the ventricles to the atria during ventricular contraction (systole) 
(Figure 1.3). The aortic and pulmonary semilunar valves of the heart 
prevent regurgitation from the great vessels, the aorta and the pul¬ 
monary artery, to the ventricles during ventricular relaxation (dia¬ 
stole). All these valves close and open passively: that is, they close 
when a backward (retrograde) pressure gradient develops and open 
when the forward (antegrade) pressure exceeds the retrograde pres¬ 
sure. The semilunar valves open during ventricular systole and close 
during diastole, whereas the A-V valves close during systole and open 
during diastole. 

In a normal resting adult, cardiac output (the rate of blood flow 
from each ventricle) is approximately five liters/minute. During heavy 
work or exercise, cardiac output may increase to as much as 25 
liters/minute. 
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1.1.2 Arterial System 

The arterial system transports blood from the ventricles to the capil¬ 
lary networks. In the process of transport, the high-pressure, inter¬ 
mittent blood flow produced by ventricular ejection is converted into 
a relatively constant flow at the level of the capillaries. Under rest¬ 
ing conditions the blood generally travels from the left ventricle to 
the peripheral tissues in less than ten seconds. During very heavy 
exercise, blood reaches the body's extremities in as little as two to three 
seconds. 

Serving as a high pressure reservoir, the large elastic systemic 
arteries stretch radially as the stroke volume of blood enters the ar¬ 
terial tree from the ventricles. These arteries then decrease in size as 
blood flows out into the veins between heartbeats. Arterial compli¬ 
ance prevents the pressure from rising extremely high when the blood 
is pumped into the arterial tree by ventricular contraction. This also 
reduces the work requirement of the heart. Resilience of the arter¬ 
ies maintains a high arterial pressure between heartbeats so that blood 
can continue to flow through the tissues without interruption. 

In the systemic circulation, blood leaves the left side of the heart 
through a single large artery, the aorta. From the aorta, branching 
arteries conduct blood to the organs and tissues. These arteries sub¬ 
divide into progressively smaller branches with the majority branch¬ 
ing within the specific organ or tissue. As blood leaves the small 
arteries, it flows through the arterioles, which are the smallest arterial 
branches measuring only a few millimeters in length with diameters 
of 8 to 50 microns. Arterioles act as control valves through which 
blood is released into the capillary network. Each arteriole branches 
many times and supplies ten to 100 capillaries. The strong muscu¬ 
lar wall of the arteriole can either completely obstruct the vessel or 
allow it to dilate to several times its original diameter, enabling it to 
greatly alter blood flow to the capillaries. Capillary flow is also con¬ 
trolled by changes in the precapillary sphincter, which are small rings 
of muscular tissue at the junction of the arterioles and capillaries 
(Figure 1.4). 


7 




Figure 1.4 — A schematic illustration of the human micro¬ 
circulation. 
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Approximately two billion capillaries channel through the 
peripheral tissues. The total capillary area produces an effective 
surface of more than 500 square meters. Capillaries, which are thin 
and permeable to small molecular substances, function in the ex¬ 
change of fluid, nutrients, electrolytes, hormones, and waste products 
(for example, carbon dioxide [C0 2 ]) between the blood and interstitial 
spaces. The velocity of blood flow is at its minimum at the capillary 
level, which maximizes the potential for metabolic exchange. 

The pulmonary circulation is structurally similar to the systemic 
circuit. Blood leaves the right side of the heart through the single large 
pulmonary artery, which branches into left and right pulmonary 
arteries. Within the lungs, the arteries continue to subdivide, form¬ 
ing arterioles and ultimately capillaries. In these pulmonary capil¬ 
laries, CO z is exchanged for oxygen, which binds to the hemoglobin 
of the red blood cells. 

1.1.3 Venous System 

Blood from the capillaries enters the venules, which in turn gradu¬ 
ally converge into progressively larger veins. In the systemic circu¬ 
lation, veins from different organs and tissues unite to form two large 
veins: the inferior vena cava from the lower portion of the body and 
the superior vena cava from the upper part of the body. 

The veins primarily provide a conduit for the transportation 
of blood from the tissues back to the heart. The venous walls are both 
thin and muscular, which contributes to the veins' ability to alter their 
capacitance by contracting or expanding to a limited degree. Increased 
capacitance can provide a reservoir for storage of blood, depending 
upon the needs of the body. 

In the systemic circulation, blood with low oxygen content 
returns to the right atrium of the heart by way of the venae cavae. 
In the pulmonary circulation, oxygen-rich blood leaves the lungs by 
way of the pulmonary veins that empty into the left atrium of the 
heart. 
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The pressure in the systemic venous system is low, maintained 
by unidirectional valves that allow blood to flow only toward the heart 
(Figure 1.5). If it were not for these regulatory valves, hydrostatic pres¬ 
sure (the pressure at any level in a fluid at rest due to the weight of 
the fluid above it) would produce a venous pressure in the feet of 
a standing adult of about 90 mm Hg. However, every time the legs 
move, the muscles contract and compress the veins either in the 
muscles or in adjacent tissues, propelling the blood forward through 
the veins. This pumping system, known as the venous pump, acts 
so efficiently that under ordinary circumstances the venous pressure 
in the feet of a walking adult remains below 25 mm Hg. When a 
person stands perfectly still, the venous pump does not work and 
the venous pressures in the lower part of the leg can increase to the 
full hydrostatic value of 90 mm Hg in about 30 seconds. When this 
occurs, the hydrostatic pressure within the capillaries also increases 
rapidly, forcing fluid from the vascular system into the tissue spaces. 
As a result, the legs may swell and the circulating blood volume may 
be lost from the vascular system within the first 15 minutes of standing 
absolutely still. This potential loss of circulating blood volume and 
its effects become minimized by numerous compensatory mechan¬ 
isms found throughout the circulatory system. 

1.2 Cardiac Cycle 

The period from the end of one heart contraction to the end of the 
next is called the cardiac cycle. Each cycle begins with a spontaneous 
generation of an electrical action potential in the sinoatrial (S-A) node, 
a small mass of specialized myocardial cells embedded in the posterior 
wall of the right atrium near the opening of the superior vena cava. 
The S-A node serves as the normal pacemaker for the entire heart. 
The action potential travels rapidly through both atria to the atrioven¬ 
tricular (A-V) node, which lies between the right atrium and the right 
ventricle, triggering atrial contraction a few milliseconds later (Figure 
1.6). The action potential is delayed in the A-V node for approximately 
100 milliseconds to allow the atria to contract and empty their con¬ 
tents into the ventricles before ventricular contraction. Therefore, the 
atria act as primer pumps for the ventricles. The ventricles then pro¬ 
vide the major source of power for moving blood through the vas¬ 
cular system. 
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1.2.1 Ventricular Cycle 

The cardiac cycle consists of a period of ventricular relaxation called 
diastole, followed by an interval of ventricular contraction known as 
systole. The systolic phase of the ventricular cycle includes isovolumic 
contraction, rapid ejection, and protodiastole (reduced ejection). 
Isovolumic contraction, an increase in muscle tension in the absence 
of fiber shortening, begins with the closure of the atrioventricular 
valve and ends with the opening of the semilunar valve. Immedi¬ 
ately after ventricular contraction begins, the ventricular pressure rises 
abruptly as shown in Figure 1.7. This pressure increase causes the 
AV valves to close, which produces the first heart sound (S a ). An 
additional 20 to 30 milliseconds is required for each ventricle to 
generate a pressure that exceeds the pressure in each great vessel 
(aorta or pulmonary artery) to open the semilunar valves and initi¬ 
ate ventricular ejection. 1 

The ejection period includes the interval from the opening of 
the semilunar valve to the beginning of protodiastole, when the slow 
downslope of the ventricular pressure pulse gives way to a rapid 
downslope. As shown in Figure 1.7, the semilunar valves are forced 
open when the left ventricular pressure increases to slightly above 
80 mm Hg and the right ventricular pressure rises to slightly above 
8 mm Hg. As the valves open, blood is ejected from the ventricles 
with about 70% of the emptying occurring during the first third of 
the ejection period (rapid ejection) and the remaining 30% during 
the next two thirds (slow ejection or protodiastole). Protodiastole ends 
when the rapidly declining ventricular pressure falls below that of 
the corresponding great vessel, the aorta or pulmonary artery, and 
the semilunar valve closes, producing the second heart sound (S 2 ). 
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Figure 1.7 — The events of the cardiac cycle, showing 
changes in left atrial pressure, left ventricular pressure, 
aortic pressure, ventricular volume, the electrocardio¬ 
gram, and the phonocardiogram, 
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The diastolic phase of the ventricular cycle consists of isovolumic 
relaxation, rapid ventricular filling, slow ventricular filling (diastasis), 
and atrial systole (atrial kick). Ventricular relaxation begins sudden¬ 
ly at the end of systole with the closure of the semilunar valve, allow¬ 
ing the intraventricular pressures to fall rapidly. The ventricular muscle 
continues to relax for another 30 to 60 milliseconds although no fur¬ 
ther change in ventricular volume occurs, giving rise to the period 
of isovolumic (or isometric) relaxation. During this time, the intra¬ 
ventricular pressure falls rapidly to a low diastolic value, the AV valves 
open, and a new cycle of ventricular filling begins when the atrial 
pressure exceeds the ventricular diastolic pressure. 

The AV valves open and allow blood to flow rapidly into the 
ventricles, as indicated by the increase in the ventricular volume curve 
in Figure 1.7. This period of rapid filling lasts for about the first third 
of diastole and primarily moves blood stored in the atria during ven¬ 
tricular systole. During the next third of diastole, a small amount of 
blood normally flows from the veins, through the atria, and immediately 
into the ventricles. This middle third of diastole is called diastasis. 

During the last third of diastole, the atria contract and deliver 
an additional volume of blood into the ventricles, which accounts 
for approximately 20 to 30% of the filling of the ventricles during each 
cardiac cycle. The volume and pressure of blood in the ventricle just 
prior to systole are known as end-diastolic volume and end-diastolic 
pressure, respectively. 
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Figure 1.8 — Definition of mean arterial pressure: the area 
under the pressure curve divided by the time interval, 
which can be approximated as one-third the pulse pres¬ 
sure plus the diastolic pressure. 
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1.2.2 Atrial Cycle 

During the cardiac cycle three major pressure waves, called a, c, and 
v, occur in the atria (Figure 1.7). 

The a wave emanates from the atrial contraction. The right atrial 
pressure usually rises 4 to 6 mm Hg during atrial contraction, whereas 
the left atrial pressure increases about 7 to 8 mm Hg at this time. 

The c wave begins when the ventricles start to contract. It 
results in part from the slight backflow of blood into the atria at the 
onset of ventricular contraction but is primarily caused by the retro¬ 
grade bulging of the AV valves toward the atria secondary to increas¬ 
ing ventricular pressure. 

The v wave occurs toward the end of the ventricular contrac¬ 
tion and rises from the slow accumulation of blood in the atria while 
the A-V valves remain closed during ventricular contraction. When 
ventricular contraction ends, the A-V valves open and allow blood 
to flow rapidly into the ventricles (rapid inflow phase), which causes 
the v wave to disappear. 

The volume of blood contributed to ventricular filling by atrial 
contraction varies inversely with the duration of the previous dia¬ 
stole and directly with the vigor of the atrial contraction. Blood 
normally flows continually from the great veins into the atria. At slow 
heart rates, the long diastolic interval permits major ventricular fill¬ 
ing to take place even before the atria contract. Thus, when diastole 
becomes prolonged (as under resting conditions), the contribution 
of atrial contraction may be minor. The heart can continue to oper¬ 
ate quite satisfactorily under normal resting conditions even without 
the additional 20 to 30% filling of the ventricles caused by atrial kick. 
The volume contribution of atrial 'kick' becomes extremely impor¬ 
tant during rapid heart rates, such as those seen with exercise, and 
in the setting of impaired/reduced myocardial contractility, as in con¬ 
gestive heart failure. 
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Standard Pressure Definitions 

Although the term "systolic pressure" technically implies the pres¬ 
sure at any instant during systole, it is conventionally used to denote 
the peak pressure during a cardiac cycle. Similarly, the term "diastolic 
pressure" is used to signify the minimum pressure during a cardiac 
cycle. Pulse pressure is the difference between systolic and diastolic 
pressure. 

Mean pressure is the average pressure during a cardiac cycle. 
It can be derived by integrating the blood pressure over time, or by 
use of a low pass filter (co cutoff ~ 0.05 Hz). If systolic and diastolic 
pressures are known, the mean pressure can be approximated using 
the following formula (Figure 1.8): 


Mean Pressure = Diastolic Pressure + 


Pulse Pressure 
3 


It should be recognized that the above equation may, at times, be 
extremely inaccurate. 

2.0 PRESSURE TRANSMISSION 


The blood pressure waveform changes in morphology and ampli¬ 
tude as it proceeds through the systemic vascular circuit. In the large 
systemic arteries, the peak systolic pressure increases while diastol¬ 
ic and mean pressures remain relatively unchanged in comparison 
to aortic pressures (Figure 2.1). The pressure begins to drop dramat¬ 
ically in the arterioles and continues to fall in the capillaries so the 
mean pressure that began at about 100 mm Hg in the aorta has 
decreased to about 10 mm Hg at the end of the capillary network. 
The pressure continues to decrease to a low of nearly 0 mm Hg in 
the inferior and superior vena cava. The pressure in the thoracic venae 
cavae and the right atrium is known as central venous pressure (CVP). 
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Figure 2.2 — A Fourier analysis of a pulmonary arterial 
pressure tracing. The bottom curve represents the addi¬ 
tion of the various sinusoidal wave components. 
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The pressures in the pulmonary vascular circuit change in a 
way similar to the systemic pressures with the greatest drop in pres¬ 
sure occurring in the capillary network. The pressures in the pul¬ 
monary circuit, however, are normally much lower than in the 
systemic circuit, beginning at a mean pulmonary artery pressure of 
about 10 to 15 mm Hg and reaching 0 to 5 mm Hg at the left atrium 
(Figure 2.1). 

2.1 Harmonic Analysis of 

Blood Pressure Waveforms 

In any signal processing application, one should understand the fre¬ 
quency spectrums of the signal and of the noise. A blood pressure 
waveform, like any periodic waveform, can be represented by a 
Fourier series, which is a series of weighted and shifted sine waves 
(Figure 2.2.). The weighting of each sinusoidal frequency refers to 
the wave's amplitude or modulus. The shift in time of each frequency 
component with respect to the other components represents the 
wave's phase angle. A complete discussion of the Fourier transform 
is beyond the scope of this monograph, but can be found in numer¬ 
ous texts. 2 

The components of the human blood pressure waveform are 
expected to fall below 20 Hz since a heart rate of 120 beats per minute 
(bpm) is well above the normal resting rate and 10 times this fun¬ 
damental frequency is 20 Hz, a result verified by using Fast Fourier 
Transform (FFT) analysis. Figure 2.3 shows the amplitude of the FFT 
for single and multiple beat radial arterial waveforms. In each case, 
all of the major frequency components are below the 20 Hz limit. 
For the single beat FFT (Figure 2.3A), 96% of the energy is less than 
20 Hz. For the 5-beat sequence (Figure 2.3B), 93% of the energy is 
less than 20 Hz. Although aortic and pulmonary artery pressures 
contain more high frequency components, they are also well 
represented by components below 20 Hz. 3 
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2.2 Fundamentals of Hydraulics 

The basic concepts of hydraulics and electricity are similar. The 
hydraulic analogues of electrical voltage and current are pressure and 
flow, respectively. The concepts of resistance and capacitance cor¬ 
respond to each other in both systems. Electrical inductance is analo¬ 
gous to the inertial density of the fluid in hydraulics. Therefore, Ohm's 
Law applies to both systems. 


Since 

M 

II 

> 

< 


v 2 

where 

A V = voltage gradient 

I = current, and 

R = resistance. 

II 


the hydraulic analogy requires that 


R 


> 

*73 

II 

o 

*1 

p, Q 

(> 


where A P = pressure gradient = PrP 2/ 

Q = flow, and 
R = resistance. 

In each case, R is actually not simple resistance but impedance, 
which is a function of resistance, capacitance, and inductance. 
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2.2.1 Laminar and Turbulent Flow 

The flow of a fluid through a cylindrical tube can be either laminar 
or turbulent. Fully developed laminar flow is characterized by a lon¬ 
gitudinal velocity profile which exhibits a smooth, parabolic wave 
front. The fluid in the center of the tube flows with the highest ve¬ 
locity and the fluid at the vessel walls actually does not flow at all 
(Figure 2.4). Turbulent flow is characterized by disorganized flow in 
many directions, with many eddies (Figure 2.4). The dimensionless 
parameter known as Reynolds' Number (R e ) predicts whether flow 
will be laminar or turbulent through a cylindrical tube. 

R e =-^- 

6 *7 

where v = mean velocity of fluid (cm/second) 
d = diameter of tube (cm) 
q = density of fluid (gm/cm 3 ) 
rj = viscosity of fluid (Poise). 

If R e exceeds 200, turbulent flow begins at the points where 
branches occur in tubes. If R e exceeds 2000, flow will be turbulent 
even in smooth, straight tubes. The viscosity of blood is generally 
about 0.03 Poise and the density of blood, about 1.05 (since it is mostly 
water). 4 In the normal human circulatory system the primary sites 
for turbulent flow are the aortic arch and the pulmonary artery. Dur¬ 
ing rapid ejection of blood from the ventricles, the high velocity of 
blood and the transient increase in diameter of these vessels contrib¬ 
ute to raising Rg to several thousand units, causing turbulent flow. 
In the large arteries, Rg normally reaches several hundred units at 
major branches, leading to some turbulence at these sites also. Cer¬ 
tain cardiovascular conditions may produce turbulent blood flow 
which, in turn, increases the work requirement and energy expend¬ 
iture of the heart. 
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Viscosity represents the resistance to flow due to the internal 
friction of the fluid. Newtonian fluids are those whose viscosity re¬ 
mains unaffected by flow rate while nonNewtonian fluids exhibit a 
viscosity which is a function of flow conditions. Since blood is 
essentially a suspension of particles (blood cells) in a watery liquid 
(plasma), the viscosity of blood depends on several factors: 1) as flow 
decreases, viscosity increases (that is, blood is a nonNewtonian fluid); 
2) as the hematocrit (percent of blood volume composed of red blood 
cells) increases, viscosity increases; 3) when the blood reaches arter¬ 
ioles of about 1 mm in diameter, the blood cells, which are saucer 
shaped, seem to align along the direction of laminar flow, thereby 
reducing viscosity; and 4) in the capillaries, the blood cells squeeze 
through in single file order, increasing the apparent viscosity. 

2.2.2 Poiseuille’s Law 

An expansion of the hydraulic analog of Ohm's Law is Poiseuille's 
Law for steady laminar flow of a Newtonian fluid through cylindri¬ 
cal tubes. 

A P 

Ohm's Law (hydraulic analogy): Q = —ts- 


where Q = flow, 

A P = pressure gradient, P t - P 2 , 
R = resistance. 


Poiseuille's Law: 


A P tt r 4 
U = 8TTLT 

.'.R = resistance = 


8r?L 

Tt r 4 


where 


Q = flow, 

A P = pressure gradient, F 1 - P 2 , 
r = radius of tube (cm), 
r) = viscosity of fluid (Poise) 

L = length of tube (cm). 


27 



Figure 2.5A — Determination of vascular impedance. 
Pressure and flow pulses have been resolved into mean 
values and a series of harmonic sine waves. 
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Poiseuille's law is based upon three assumptions that do not strictly 
apply to blood flow: flow is not entirely laminar in all parts of the 
circulation (See Section 2.2.1); blood is not a Newtonian fluid, since 
its viscosity changes with flow rate; and blood flow is not steady, but 
pulsatile, in most of the arterial tree. However, the relationship 
described does apply in a qualitative manner and is projected to be 
very accurate in the small arterioles and capillaries. 

2.3 Vascular Impedance Concepts 

Blood pressure, flow, and vascular impedance are closely related. 
Given any two of these three measurements, the third can be cal¬ 
culated. 

2.3.1 Measurement (Calculation) 

Calculation of vascular impedance is a complex task for two reasons, 
one clinical and one mathematical. Clinically, acquisition of simul¬ 
taneous pressure and flow measurements at the same anatomic site 
is not a simple task. Mathematically, the pulsatile nature of 
hemodynamics produces an impedance that is not a single value but 
a frequency dependent spectrum of amplitudes (moduli) and phase 
angles. To calculate impedance, the measured pressure and flow 
waves must be sorted into their frequency components by Fourier 
analysis (Figure 2.5A). Then impedance is determined for each cor¬ 
responding frequency by Ohm's Law. The impedance amplitude at 
each frequency represents the relationship between the magnitude 
of pressure and flow at that frequency. The phase angle at each fre¬ 
quency represents the time delay between the pressure wave and 
the flow wave. Mean vascular resistance is the most frequently used 
parameter because mean pressure and mean flow are most easily 
measured. The mean resistance (terminal impedance) value has an 
amplitude, but no phase angle since mean pressure and flow are DC 
values. 
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Figure 2*5B — Vascular impedance in the femoral artery 
of the dog under control conditions (left); during vasodi¬ 
lation (middle); and during vasoconstriction (right). 
Closed circles represent data obtained from Fourier anal¬ 
ysis of one pair of pressure and flow waves. 
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Measurement of vascular impedance is further complicated by 
the fact that it constantly changes as the vasoconstrictive state of the 
blood vessels changes. Figure 2.5B shows an impedance spectrum 
for the same animal in normal, vasodilated (low resistance), and 
vasoconstricted (high resistance) states. 

2.3.2 Physiological Importance 

The impedance spectrum contains much information about the phys¬ 
ical state of the vascular system. First, an increase in the characteris¬ 
tic impedance average of moduli >2 Hz represents a sign of reduced 
compliance of the larger arteries. A shift in the frequency at which 
minima and maxima appear signals a change in either wave veloci¬ 
ty or in the dominant reflection sites. An impedance spectrum can 
demonstrate circulatory abnormalities such as those found in patients 
with systemic or pulmonary hypertension due to vascular disease. 
An increase in the size of the frequency-dependent oscillations of im¬ 
pedance suggests increased reflection originating in the distal part 
of the arterial tree or in the microcirculation. Additional findings 
would include an increased terminal and perhaps characteristic im¬ 
pedance value due to increased mean vascular resistance and reduced 
compliance, respectively. 

2.4 Mean Blood Pressure 

Transmission: DC Analogy 

This section presents how the direct current (DC) component of blood 
pressure generated in the left ventricle changes as it travels through 
the hydraulic circuit of the systemic circulation. Pulmonary mean 
pressure will also be discussed briefly. 

Mean arterial pressure is chiefly maintained by the capacitive 
effect of the aorta. If the systemic vasculature were noncompliant, 
the very high pulsatile pressure generated by the left ventricle would 
be transmitted directly to the capillary beds and pressure in the aorta 
would drop to near zero between contractions of the heart. However, 
since the aorta can stretch, it stores some of pressure of the initial 
pulse, which is released after the aortic valve closes. The release of 
pressure occurs as blood flows out through the periphery during ven¬ 
tricular diastole. This effect is very similar to that of a capacitor in a 
half wave rectifier circuit (Figure 2.6). 
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Figure 2.6 — Comparison of left ventricular function and 
its electrical analog, the capacitor-coupled half-wave rec¬ 
tifier. Note that the voltage V a mimics ventricular pressure 
and V 0 mimics aortic pressure. The diode D in the recti¬ 
fier circuit represents the aortic valve and the RC load 
represents the peripheral circulation. 
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Transmission of mean pressure depends primarily on the 
resistance of the vascular bed and not on compliance. Figure 2.7 
shows the progressive decline of mean pressure from the aorta to 
the vena cava. The major pressure drop occurs in the arterioles since 
they have higher resistance than other components of the system. 
This pressure drop minimizes the pressure at the capillary level and 
thus promotes a minimum flow velocity for optimum exchange of 
oxygen, nutrients, and waste products. The arterioles also have 
"precapillary sphincters" that can contract or relax and selectively 
change the amount of blood flowing to various parts of the body (See 
Figure 1.4). For example, following a meal, the sphincters to the 
capillary beds of the stomach and intestines relax, which increases 
blood flow and aids digestion. 

Several factors contribute greatly to the resistance properties 
of the vascular system. First, as arteries branch and become more 
numerous, they also become more narrow. Since resistance varies 
inversely with the fourth power of the vessel radius (See Poiseuille's 
Law, Section 2.2.2), this narrowing tends to greatly increase vascu¬ 
lar resistance. 

However, the arteries also undergo extensive branching as they 
narrow, thereby increasing the total cross-sectional area in relation 
to the preceding vessels. The area increases at a relatively steady rate 
through the aorta, large arteries, and arterioles, but increases more 
rapidly in the capillary beds (Figure 2.7). Blood flow is significantly 
reduced at the capillary level since velocity is inversely proportional 
to the cross-sectional area. The same effect occurs when a rapidly 
flowing stream encounters a sudden widening and/or deepening, 
slowing the flow of water dramatically. 
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The third factor operating in vascular resistance and mean pres¬ 
sure transmission is the law for total resistance of parallel resistors. 
Parallel hydraulic resistance is calculated in the same way as parallel 
electrical resistance: 

1 _ 1111 

Rtotal Rl R3 P4 

where R = resistance. 

Since capillaries exist in parallel, these vessels' very high indi¬ 
vidual resistances are essentially negated and the total resistance of 
the capillary beds remains very low, which accounts for the very small 
mean pressure drop across them. 

Mean pressure in the venous system drops very gradually to 
nearly zero in the right atrium. The resistance of the venules and veins 
must therefore be very low to allow blood flow propelled by the 
10 mm Hg pressure gradient between the end of the capillaries and 
the right atrium compared to the arterial gradient of about 90 mm Hg. 

Mean pressure in the pulmonary circulation undergoes analo¬ 
gous changes but of a lower magnitude because the pressure in the 
pulmonary circulation is much lower than in the systemic circula¬ 
tion. Since blood flow through the aortic and pulmonary valves is 
identical, resistance must be much lower in the pulmonary circuit 
with Ohm's Law applying in this case also. 

Resistance through the blood vessels is controlled primarily 
by constriction and dilation of the vessels at the sites of resistance 
leading to the capillary networks. Since it cannot be directly meas¬ 
ured, resistance is calculated from measurements of blood flow and 
pressure difference in the vessel. For example, if the pressure differ¬ 
ence between two points in a blood vessel is 1 mm Hg and the flow 
rate is 1 milliliter/second, the resistance equals one (1) peripheral 
resistance unit (PRU) in mm Hg/milliliters/second. Other measures 
of vascular resistance that are sometimes used include the "Wood 
unit" (mm Hg/liter/minute) and the vascular resistance unit (VRU) 
(dynes x second/cm 5 ) (See Table 2.1). The VRU is the measurement 
of vascular resistance most commonly used in the clinical setting. 
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At rest, the rate of blood flow through the circulatory system 
measures nearly 100 miUiliters/second. The pressure difference from 
the systemic arteries to the systemic veins equals about 100 mm Hg. 
Therefore, the total peripheral resistance (systemic vascular resistance) 
approximates 1PRU. In some physiologic conditions in which all the 
blood vessels throughout the body become very constricted (for ex¬ 
ample, shock), the total peripheral resistance increases to as high as 
4 PRU. When the vessels become greatly dilated, total peripheral 
resistance can fall to a low of 0.2 PRU. Systemic vascular resistance 
(SVR) is calculated as follows: 


MAP - PVP 

SVR (dynes sec/cm 5 ) = -- x 79.92 

where MAP = mean arterial pressure 
CVP = central venous pressure 

(mean right atrial pressure) 

CO = cardiac output (liters/minute) 

79.92 = conversion factor (Wood Units to VRU). 

In the pulmonary system, the mean arterial pressure averages 
16 mm Hg and the mean left atrial pressure averages 2 mm Hg for 
a net pressure difference of 14 mm Hg. The total pulmonary resistance 
at rest approximates 0.14 PRU. This can increase under certain dis¬ 
ease conditions to as high as 1 PRU and can fall during some phys¬ 
iologic states, such as exercise, to as low as 0.04 PRU. Pulmonary 
vascular resistance (PVR) can be calculated as follows: 


PVR (dynes sec/cm 5 ) 


MPA - PCWP 
CO 


x 79.92 


where MPA 
PCWP 

CO 

79.92 


mean pulmonary artery pressure 
pulmonary capillary wedge pressure 
(mean left atrial pressure) 
cardiac output (liters/minute) 
conversion factor (Wood Units to VRU). 
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TABLE 2.1 Correlation of measures of vascular resistance. 


Unit 

VRU 

Wood Unit 

PRU 

1 VRU 

(dyne sec/cm 5 ) 

1 

80 

1333.33 

1 Wood Unit 
(mm Hg/l/min) 

0.0125 

1 

16.67 

1 PRU 

(mm Hg/ml/sec) 

7.5 x 10- 4 

0.06 

1 


2.5 Systolic and Diastolic Pressure 
Transmission: AC Analogy 

When the blood pressure wave reaches the capillary level, it has 
essentially lost its alternating current (AC) components and only a 
mean pressure remains. The transformation from the large AC pres¬ 
sure component with a DC offset in the aorta to DC only in the capil¬ 
laries is not a simple attenuation (Figure 2.1). Systolic pressure rises 
as the pressure wave moves toward the periphery then it falls along 
with mean and diastolic pressures. This increase in systolic pressure 
appears as the most visible result of a large number of changes in 
pressure waveform morphology as it traverses the arterial tree. 

Arteriosclerosis, which commonly occurs in older people, 
reduces the compliance of the arteries and thereby greatly reduces 
their ability to store pressure. This results in more direct transmis¬ 
sion of the high pressure of ventricular ejection to the periphery and 
consequently higher pulse pressure than is normal. 

The distinction between pressure and flow and the propaga¬ 
tion of each is important in the transmission of the AC portion of 
the blood pressure. The pressure wave travels down the arterial tree 
much more quickly than the flow wave. This occurs in fluid dynamics 
in general. The visible part of a wave in a lake or ocean is actually 
the pressure wave, while the water in the wave travels much more 
slowly. An object floating in the water moves with the water. As waves 
pass underneath the object, it appears almost stationary. 
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2.5.1 Damping of High Frequencies 

The incisura caused by aortic valve closure is present only in blood 
pressure waveforms measured in the upper aorta. This occurs be¬ 
cause the capacitive nature of the arteries and the inertia of blood 
tend to dampen the high frequency components of blood pressure. 
Since the incisura is composed of high frequency harmonics com¬ 
pared to the rest of the waveform, it disappears after a rather short 
journey down the arterial tree. This damping also slightly reduces 
systolic pressure because the very steep slope during rapid ejection 
consists of high frequency harmonics. The filtering effect is of minimal 
importance, however, because other factors affect systolic pressure 
to a much greater extent. 

2.5.2 Tapered Tube Effect 

As a wave travels down a progressively narrowing tube, it becomes 
amplified due to the concentration of its energy into a smaller area. 
This effect occurs when an ocean wave travels into an inlet or when 
sound passes through an old style earhom. In the circulatory sys¬ 
tem, the tapered effect of smaller blood vessels would seem to ex¬ 
plain the systolic pressure amplification in the periphery, but its 
contribution is thought to be minimal due to the extensive branch¬ 
ing of blood vessels. 

2.5.3 Frequency Dispersion 

Another well-known phenomenon occurring in the circulation is that 
the pressure wave velocity is directly proportional to frequency. 
Higher frequency components of waves travel faster than lower fre¬ 
quency components. For example, if a stone is dropped into a still 
pond, the resulting ripples will disperse as they move away from the 
splash site into faster moving high frequency ripples and slower 
moving low frequency ripples. Similarly, the high frequency harmon¬ 
ics of a blood pressure waveform will propagate somewhat more 
quickly than the low frequency harmonics, resulting in distortion of 
the waveform as it travels away from the heart. 
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2.5.4 Pressure Wave Reflection 

An impedance mismatch, such as that seen at the junction of the 
arteries and smaller arterioles, results in the retrograde reflection of 
a portion of the antegrade pressure wave. When the blood pressure 
waveform is measured upstream from a reflection site, a hump ap¬ 
pears, superimposed on the original transmitted pulse wave. This 
reflection is the primary mechanism for amplification of the peripheral 
systolic pressure. Figure 2.8 shows a series of pressure tracings as 
recorded from a dog's aortic valve to the femoral artery using a high 
fidelity catheter-tip measurement system. Note the early disappear¬ 
ance of the incisura and the appearance of two reflected waves, one 
early and one relatively late. Three or more reflectance waves are not 
uncommon, depending upon the measurement site and the condi¬ 
tion of the subject's vascular bed. A large reflectance hump is fre¬ 
quently misidentified as the incisura, even though the mechanisms 
of their production are completely different. The foot of a reflectance 
hump (dicrotic oscillation) should be referred to as a dicrotic notch 
whereas the incisura denotes semilunar valve closure. Early research¬ 
ers believed that the major reflection occurred at the bifurcations or 
branches of the arteries, but more recent studies have supported the 
hypothesis that the majority of the reflection is due to vasoconstric¬ 
tion of small arteries, arterioles, and precapillary sphincters and the 
resulting impedance mismatches. 5 
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Figure 2,8 — Series of tracings obtained by gradually pull¬ 
ing a catheter back from the aortic valve to the femoral 
artery of a dog. A high fidelity catheter-tip manometer 
was employed in the animal. 
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a. 161/125, incisura very pronounced 



Aortic arch 


b. 164/124, incisura slurred 


Mid-thoracic descending aorta 

c. 174/124, incisura gone, two reflectance waves: 
first at late peak (note tilt to right at peak), second in 
diastolic portion 



Mid-abdominal descending aorta 

d. 181/122, first reflectance wave earlier, more 
pronounced; second much more pronounced 



e. 189 /122, first reflected wave now early enough that 
upstroke of pressure wave appears smooth, second 
wave is very large 
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3.0 INVASIVE (DIRECT) 

MEASUREMENT TECHNIQUES 


As the name implies, invasive measurement of blood pressure in¬ 
volves gaining access to the vascular system by inserting a catheter 
into an artery or vein. The catheter is usually coupled via a fluid-filled 
tube to a pressure transducer outside the body. The fluid-filled 
catheter-tubing-transducer system possesses unique characteristics 
that must be considered when interpreting the pressure waveforms. 
Catheter-tip transducers that are introduced directly into the circula¬ 
tory system are also available. However, because of their fragility and 
expense they are generally used only in research. 

3.1 Pressure Measurement Sites 
of Clinical Interest 

There are two basic methods for inserting a catheter into a blood ves¬ 
sel: percutaneous and surgical cutdown. Three variations on the per¬ 
cutaneous technique are illustrated in Figure 3.1. 

Vessel cutdown is a surgical technique used to insert a catheter 
into a blood vessel in cases in which percutaneous insertion is not 
practical. A small incision is made in the skin, exposing the under¬ 
lying vessel. The catheter is then introduced through another small 
incision in the vessel. 

Catheters used for direct blood pressure monitoring fall into 
two general categories depending on whether peripheral or central 
pressure is monitored. Catheters for peripheral arterial pressure 
monitoring are constructed of teflon-coated plastic and measure 3 to 
13 cm in length. These catheters have an end hole and a single lu¬ 
men for measuring pressure and for withdrawing blood samples. 
Catheters for central pressure monitoring are used to measure pres¬ 
sures on the right side or on the left side of the heart. Pulmonary 
artery catheters, also known as Swan Ganz™ or right heart catheters, 
are multi-lumen models that have an end hole, multiple side ports, 
an inflatable balloon on the tip to aid in positioning, a thermistor for 
measuring blood temperature at the tip, and, sometimes, optical fibers 
for measurement of blood oxygen saturation and electrodes for pac¬ 
ing the heart. Pulmonary artery catheters are used to measure 
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central venous, pulmonary artery, and pulmonary capillary wedge 
pressures and to calculate cardiac output by measuring temperature 
changes of flowing blood (thermodilution principle). Left heart 
catheters generally have a single lumen with multiple side ports and 
are used to measure pressures in the left ventricle and aorta. Cen¬ 
tral pressure catheters range from 30 to 100 cm in length. 

Catheter diameters are designated by one of two scales, the 
Stubbs gauge scale or the French (F) scale (Table 3.1). Adults usually 
require a 4F to 5F catheter for peripheral blood pressure monitoring 
and a 5F to 8F catheter for central pressure monitoring and cardiac 
catheterization. 

3.1.1 Peripheral Arterial Pressure 

Peripheral (systemic) arterial blood pressure is the standard meas¬ 
urement of hemodynamic status used in intensive care units and dur¬ 
ing surgery. The most common site for continuous measurement of 
arterial pressure in adults is the radial artery located in the wrist. This 
site is the first choice because of its easy access both for catheter place¬ 
ment and for subsequent catheter manipulations. In addition, the 
radial artery parallels the ulnar artery on the other side of the wrist, 
which continues to supply blood to the hand if the radial artery 
should become temporarily or permanently blocked as a result of the 
catheter placement (Figure 3.2). Other sites for placement of peripher¬ 
al arterial catheters include the brachial, axillary, femoral, and dor¬ 
salis pedis arteries (Figures 3.3A and 3.3B, respectively). 

Arterial pressure monitoring in children is done at the same 
sites as in adults. In newborn infants, the umbilical artery is used 
for pressure monitoring and blood sampling. 
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TABLE 3.1 Common Hypodermic Needle Sizes and 
Intravascular Catheter Dimensions 


Catheter Sizes 


Needle Sizes 

French 

Scale 

Outside 

Diameter (mm) 

Stubbs 

Gauge 

Outside 
Diameter (mm) 

3F 

1.00 

20 Ga 

0.9 

4F 

1.33 

18 Ga 

1.25 

5F 

1.67 

16 Ga 

1.65 

6F 

2.00 

14 Ga 

2.1 

7F 

2.33 

13 Ga 

2.4 

8F 

2.67 

12 Ga 

2.75 


Adapted from Geddes LA: Cardiovascular Devices and Their Applications. New York: John Wiley and 
Sons, 1984, p. 43. 
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Figure 33A — Illustration of the radial, brachial, axillary 
and femoral arterial line puncture sites. 
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3.1.2 Central Venous and 

Pulmonary Artery Pressures 

In pediatric and adult intensive care units, it sometimes becomes 
necessary to have a more complete picture of the patient's 
hemodynamic status than is provided by the peripheral arterial pres¬ 
sure alone. In such cases, the pressures in the right atrium, right ven¬ 
tricle, and pulmonary artery must be measured directly. These 
pressures are continuously monitored using a multi-lumen, pulmo¬ 
nary artery (PA) catheter (Figure 3.4) inserted into a large vein such 
as the subclavian vein in the shoulder or the internal jugular vein 
in the neck. The catheter has a balloon on its tip that can be inflated 
to act as a "sail" to allow the flow of blood to direct the catheter 
through the right atrium and right ventricle and into the pulmonary 
artery. The catheter is positioned so that, when the balloon is inter¬ 
mittently inflated, the catheter tip will "wedge" in one of the small 
pulmonary arteries to measure the pulmonary capillary pressure 
(Figure 3.5). The balloon is then deflated and the pulmonary artery 
pressure is monitored continuously through the same lumen at the 
tip of the catheter. The pressures obtained through the pulmonary 
artery catheter include the following: 

1) Central Venous Pressure (CVP) 

Also referred to as right atrial pressure (RAP), the CVP is 
monitored through a side hole that lies in the right atrium or 
superior vena cava, about 30 cm from the tip of the pulmo¬ 
nary artery (PA) catheter. The CVP can also be measured 
through a single lumen end hole catheter inserted specifical¬ 
ly for that purpose. This blood pressure measurement serves 
as an indicator of the efficiency of the right ventricle's pump¬ 
ing action. For example, the CVP is usually elevated in con¬ 
gestive heart failure when the right ventricle is unable to pump 
out of the heart the total amount of blood returning through 
the veins. The CVP does not normally exhibit a large pulsa¬ 
tile variation and is usually reported as a mean value. Normal 
mean CVP is approximately 0-8 mm Hg. 
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Figure 3.4 — The #7 French quadruple lumen, thermodi¬ 
lution pulmonary artery catheter illustrated in both 
drawings. 
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TABLE 3.2 Adult Cardiovascular Pressures 
Normal Values 


Pressure 

Abbreviation 

Normal Value 
_(mm Hg) 

Systemic Arterial 

Systolic 

SP 

90- 

140 

Diastolic 

DP 

60- 

90 

Mean 

MAP 

70- 

105 

Pulmonary Artery 

Systolic 

PAS 

15- 

30 

Diastolic 

PAD 

4- 

12 

Mean 

MPA 

9- 

16 

Pulmonary Capillary 

Wedge Pressure* 

PCWP 

1 - 

10 

Right Atrial* 

Central Venous* 

RAP, CVP** 

0- 

8 

Right Ventricle 

Systolic 

RVSP 

15- 

30 

End Diastolic 

RVEDP 

0- 

8 

Left Ventricle 

Systolic 

LVSP 

90- 

140 

End Diastolic 

LVEDP 

5 - 

12 


*PCWP, RAP, and CVP are listed as their mean values. 

**RAP and CVP refer to the same measurement and are used interchangeably. 
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2) Right Ventricular Pressure (EVP) 

Right ventricular pressure is measured via the distal end hole 
while the pulmonary artery catheter is being advanced 
through the ventricle and is usually not monitored continu¬ 
ously. Normal right ventricular pressures are listed in Table 3.2. 

3) Pulmonary Artery Pressure (PAP) 

Pulmonary artery pressure is measured through the end hole 
of the PA catheter. Systolic, diastolic, and mean PAP aid the 
clinician in developing a total hemodynamic profile of the 
patient (See Table 3.2). 

4) Pulmonary Capillary Wedge Pressure (PCWP) 

When the balloon on the tip of a properly positioned pulmo¬ 
nary artery catheter is inflated, the blood flow pushes the 
balloon into a "wedged" position in one of the pulmonary 
artery branches. The balloon stops all blood flow in the artery, 
arteriole and capillaries, therefore no pressure gradient exists 
between the catheter tip and the distal pulmonary veins. Since 
the difference between PCWP and left atrial pressure is neg¬ 
ligible, the PCWP serves as the clinical equivalent of left atrial 
pressure. The PCWP, like the CVP, is usually reported as a 
mean value with normal PCWP ranging from 1 to 10 mm Hg. 


3.1.3 Left Ventricular and Aortic Pressures 

The left ventricular and aortic pressures are measured during a left 
heart catheterization. A single-lumen catheter is advanced with the 
aid of fluoroscopy against the blood flow from the brachial or femoral 
artery into the aorta and through the aortic valve into the left ventri¬ 
cle. The measured pressures provide information about the pump¬ 
ing ability of the left ventricle and the functioning of the aortic valve. 
This is a brief, diagnostic procedure that carries a higher risk than 
either peripheral arterial or central venous pressure monitoring and 
is only performed by a specially trained cardiologist. 
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3.2 Fluid-filled Systems 

3.2.1 Determination and Optimization of 
Frequency Response 

Knowledge of the dynamic response of a direct measurement sys¬ 
tem ensures accurate interpretation of the obtained readings. The fre¬ 
quency response of a measurement system can generally be defined 
by the determination of two parameters, the damping ratio (ft) and 
the natural frequency (co 0 ). If the value of either of these parameters 
falls outside of acceptable ranges, distortion of the measurement may 
result. 

The frequency response of a system can be measured by forced 
oscillation or free oscillation. 6 Forced oscillation involves using a 
sinusoidal pressure wave generator to input waveforms of known 
frequency and amplitude into the measurement system of interest 
and assessing the ratio of output amplitude to input amplitude. By 
varying the input frequency over the range of interest (that is, 0 to 
100 Hz), the complete frequency response profile can be determined. 
This method provides a more accurate and complete assessment of 
the frequency characteristics of the system than the free oscillation 
technique, but it is only applicable in the laboratory setting. 

The free oscillation method consists of using the time domain 
response of a system to a step input to determine the natural frequen¬ 
cy and damping ratio. This method is more practical for measuring 
the frequency response than the forced oscillation approach for sever¬ 
al reasons: it works in either the laboratory or clinical setting, it does 
not require a sinusoidal pressure generator or a reference transducer, 
and it can be performed using readily available materials. 
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Figure 3.8 — Frequency response curves of a pressure 
measurement system, illustrating the importance of op¬ 
timal damping. 
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In the laboratory, the free oscillation method requires a simple 
arrangement of the type shown in Figure 3.6. The end of a large 
syringe is cut off and the tip of the catheter is inserted into the syringe 
barrel through a rubber stopper. A balloon is sealed around the open 
end of the syringe with an O ring or rubber band and inflated using 
a sphygmomanometer bulb. When the balloon is ruptured (prefer¬ 
ably using a flame to avoid the transient pressure increase associat¬ 
ed with needle puncture), a step decrease in pressure is applied to 
the measurement system. Assuming the system is underdamped (as 
are most catheter-transducer systems), the response resembles that 
shown in Figure 3.7. The damping ratio and natural frequency are 
determined as shown in this same Figure. 

When applying this technique, however, one should remem¬ 
ber that these calculations are based on the assumption that the dy¬ 
namic behavior of the catheter-manometer system is characterized 
by a second order differential equation. While this approximation has 
been shown to be adequate for most catheter-manometer systems, 
one must be alert for possible deviations from second order behavior. 

Ideally, co Q should be above 20 Hz and ft near 0.7. These values 
ensure that the ratio of output to input (amplitude ratio) remains near 
1 (± 5%) from DC to 20 Hz. A decrease in /? (underdamping) results 
in amplification of the components of the input signal near the natural 
frequency and attenuation of frequency components above the natur¬ 
al frequency (Figure 3.8). This may cause a false increase in the sys¬ 
tolic blood pressure reading because the high frequency portions of 
the blood pressure waveform contribute primarily to systolic pres¬ 
sure and the low frequency components to diastolic pressure. Since 
mean pressure represents the DC component of the signal, it is un¬ 
affected by changes in damping. An increase in /? (overdamping) 
causes attenuation of the signal components beginning below the 
natural frequency, leading to underestimation of systolic blood pres¬ 
sure and, in severe cases, overestimation of diastolic blood pressure. 
Figure 3.9 shows the frequency response, step response, and 
representative waveforms for ideally damped, underdamped, and 
overdamped systems. 
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Figure 3.9 — The representation of the frequency 
response/ step response, and representative waveforms 
for ideally damped, underdamped, and overdamped 
blood pressure measurement systems. 
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The frequency response of a catheter-transducer system can 
be optimized in the clinical setting. The approximate equivalent cir¬ 
cuit for a catheter-transducer pressure measurement system is shown 
in Figure 3.107 

It can be found from this circuit that: 



To a large extent the physical characteristics of the system itself 
determine the frequency response. A transducer with a stiff dia¬ 
phragm has a low capacitance, meaning that registration of a change 
in pressure requires only minimal displacement of the diaphragm 
and therefore only minimal movement of the fluid through the high 
resistance catheter. The use of a large diameter, short, stiff catheter 
with as little tubing and as few stopcocks as possible between catheter 
and transducer will optimize both /3 and co 0 by decreasing L c and R^,. 
Although some of these factors are usually predetermined by prac¬ 
tical constraints of patient care (for example, stopcocks for blood draw¬ 
ing), some can be controlled. For example, several commercially 
produced damping devices that insert a variable resistance between 
the catheter and the transducer to increase the damping coefficient 
without lowering the natural frequency are available. A simple screw 
clamp that partially crimps the tubing can also be used for this 
purpose. 


59 




Figure 3.10 — The representation of the approximate 
equivalent circuit for the optimization of a catheter- 
transducer system. 
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L c = inertance of catheter and tubing 
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C x = capacitance of transducer 
V 0 = output waveform 


Figure 3.11 — An illustration of the case of an air bubble 
present in the catheter or tubing in which the air bubble 
acts like another capacitor in the equivalent circuit. 
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A discrete air bubble or multiple microbubbles, when present 
in the catheter or tubing, acts as another capacitor in the equivalent 
circuit (Figure 3.11). This increases the value of Q, thereby lowering 
oo 0 and raising /3 (Figure 3.12). The resulting waveform may be drasti¬ 
cally overdamped and lack some of the high frequency components 
of the original signal (Figure 3.9, overdamped). In cases in which the 
monitored waveform naturally lacks the high frequency components, 
an air bubble may not result in any appreciable degradation of the 
signal. Since most peripheral arterial pressure waveforms are gener¬ 
ally lacking in high frequency components, as discussed in Section 
2.5.1, small air bubbles usually have little effect on the quality of the 
waveform. The damping effects of air bubbles become more evident 
in central arterial pressure waveforms that contain relatively more high 
frequency components. 

Clinically, the damping of a pressure measurement system may 
be determined by means of a "snap test" which provides a reasona¬ 
ble approximation of the step response. A bag of fluid under about 
300 mm Hg pressure is connected to a fast flush valve that opens the 
tubing near the transducer to the 300 mm Hg and then suddenly 
closes, thereby approximating a pressure step (Figure 3.14). The 
response of the transducer signal is the same general form as the 
previously discussed balloon test response, but is superimposed on 
the blood pressure waveform (Figure 3.13). By performing a snap test 
and adjusting the variable resistance device, the damping ratio can 
be optimized. The pressure bag and valve are standard components 
of hospital pressure monitoring systems. 
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Figure 3.13 — An illustration of waveforms resulting from 
various amounts of damping of the system. 


ii 

SflS5 

sssss 


■■■IB 

■■■II 

■■ 

■■■■■ 


KBIIB 

■■■■■ 

Mill 

P 

mmum 

■■■■ 

«tsm 


■■■■ 

■■■■ 

HI li 

■■■■■ 
■ ■■■ 


HU 

■■■■ 

■■■■ 

■■■■■ 

■■■■■ 

■■■■■ 


\ I I 1 1 - I I I I I I I I i 

OPTIMALLY DAMPED SYSTEM 


■ 

Mil 

mum 


II 



■ 









II 



n 









II 



li 









II 



in 




j 








in 












u 












■ 












■ 

































I I I I I I I I I I I I I 

UNDERDAMPED SYSTEM 



OJ 0 = 10 Hz 
j8= 0.6 

An optimally damped system 
can be verified by observing 
the pressure trace on the 
monitor following a fast 
flush, square wave test. 


0> 0 - 10 Hz 

I8= o.i 

This is the typical monitoring 
system. It is free of air 
bubbles and compliant 
components, but it has such a 
low natural frequency and 
damping coefficient that the 
pulse pressure is exaggerated. 
The '"ringing" or oscillating 
effect can be seen following 
the square wave. The 
apparent systolic pressure is 
also higher than actual. 


0) o = 10 Hz 
( 3 = 1.5 

When the fast flush square 
wave returns slowly to the 
baseline, and the patient trace 
resumes without any hint of 
an oscillation, the system is 
overdamped. This will 
produce an understated 
systolic pressure. The most 
likely cause is air trapped in 
the system, or a compliant 
component. 
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3.2.2 Constant Infusion System 

A constant infusion catheter flush device is commonly used when 
monitoring direct blood pressures for several hours such as during 
and after surgery or for several days as in the intensive care unit (ICU). 
Such a device maintains continued catheter patency by preventing 
coagulation of blood in the indwelling catheter. A typical constant- 
flow device includes a fluid source under pressure, a valve that al¬ 
lows infusion of approximately 3 milliliters of fluid per hour, and a 
dome for attachment of a strain gauge transducer (Figure 3.14). This 
arrangement connects to the previously introduced catheter by rigid- 
walled clear tubing. 

The flush solution (usually 0.9% saline solution with one to 
two units of aqueous heparin per milliliter of fluid added to prevent 
coagulation) is pressurized to approximately 300 mm Hg by using 
a standard intravenous fluid pressure bag. The continuous flush 
action is achieved by employing the large resistance in the constant 
flush valve to convert the pressure source into a flow source. The 
constant flush valve also incorporates a fast-flush feature that can be 
used to fill the transducer dome and tubing or to clear blood from 
the system. The fast flush is commonly activated by either pressing 
a spring-loaded lever or pulling an elastic cord (depending upon 
device), which opens a valve in the flush device. When the lever or 
cord is released, the valve snaps back to the closed position to pre¬ 
vent inadvertent infusion of large volumes of fluid. The fast flush 
valve may also be used to input square waves for dynamic testing 
of the catheter system (See Section 3.2.1). 

















3.3 Intravascular (Catheter-tip) 

Transducer Systems 

The problems inherent in the combination of a fluid-filled catheter 
and an externally located transducer can be avoided by placing a small 
transducer near the tip of the catheter. The potential distortive effects 
of the fluid column and tubing between the pressure source and 
transducer are thus eliminated. By locating the transducer in a side 
port configuration in the catheter, kinetic energy distortion does not 
occur. The frequency response of such an intravascular transducer 
system is essentially the frequency response of the transducer itself. 
Drawbacks to current catheter-tip transducers include prohibitive cost 
and fragility. Figure 3.15 presents a diagram of a Millar Mikro-Tip trans¬ 
ducer (Millar Instruments, Inc., Houston, Texas), the most well 
known of the catheter-tip transducers. The rated frequency range of 
this device is 0 to 20,000 Hz and it is available with one or more sen¬ 
sors in sizes as small as 3 French. 

3.4 Blood Pressure Transducers Principles 
3.4.1 Principles of Operation 

The Wheatstone bridge is the basic circuit employed in most pres¬ 
sure transducers (Figure 3.16). If the values of all four resistors are 
exactly equal, the output voltage is zero. If the resistance of any of 
the arms of the bridge changes, the bridge becomes unbalanced and 
an output voltage is generated proportional to the change in resistance 
and the excitation voltage. 
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Figure 3.16 — A schematic of a strain-gauge connection 
of the Wheatstone bridge. In this arrangement, if all 
resistances are equal, exactly half of the voltage V would 
exist at the junction of R1 and R4 and at the junction of 
R2 and R3. Therefore, no current would flow between the 
output terminals. If pressure were applied to the di¬ 
aphragm, however, the resistance would become un¬ 
balanced. 
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Figure 3.17 — Example of a strain-gauge. 
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Nearly all commonly used pressure transducers are strain 
gauges, which operate on the principle that the resistance of certain 
materials changes linearly over a certain range of applied strain. In 
the classic metal strain gauge arrangement, one or more of the resis¬ 
tive arms of a Wheatstone bridge is composed of a metal strand or 
foil that is either stretched or released from a pre-stretched state by 
applied pressure on a diaphragm (Figure 3.17). Metal strain gauges 
have been widely used in a variety of applications for decades. Re¬ 
cently, however, semiconductor materials such as silicon have become 
more common, due to their higher gauge factor (change in resist¬ 
ance/change in length) and potential for miniaturization. Figure 3.18 
shows an arrangement in which the positive-doped (p-doped) sili¬ 
con elements of a Wheatstone bridge are diffused directly onto a base 
of negative-doped (n-doped) silicon (for a discussion of doping and 
semiconductor theory, see references 8 to 10). Although semicon¬ 
ductor strain gauges are very sensitive to variations in temperature, 
the inclusion of eight elements to form all four resistive arms of a 
bridge eliminates this problem by exposing all of the elements to the 
same temperatures. 

3.4.2 Considerations in Evaluation 

Some factors to consider when evaluating a transducer include fre¬ 
quency response, drift with time and temperature, and durability. 
The relative importance of each factor depends upon the transducer's 
application. Most commercial transducers meet the basic require¬ 
ments in terms of drift and frequency response. For most arterial 
blood pressure monitoring, the frequency response of the transducer 
is not as important as might be thought, since the response of the 
total system is determined largely by the characteristics of the catheter 
and tubing rather than by those of the transducer. 
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The issue of durability has become more complex as traditional 
reusable transducers are challenged by disposable transducers. Re¬ 
usable transducers are designed to operate for a lifetime of several 
years and are quite expensive. Damage, which is common in the 
equipment-hostile setting of the ICU, can reduce the lifetime and 
accuracy of reusuable transducers, thus increasing their cost per 
patient. Disposable transducers, recently introduced by several 
manufacturers, are designed for single-patient use in a hospital, after 
which they are discarded along with the tubing, stopcocks, and 
catheter. 

3.5 Measurement Errors, 

Distortions, and Artifacts 

3.5.1 End Pressure, Catheter Whip, 
and Catheter Impact Artifacts 

When pressure is measured in the pulmonary artery, the aorta and 
the ventricles, certain distortions of the measurement can occur due 
to high blood flow in those locations. Catheter whip arises frequently 
in the pulmonary artery. Acceleration of the fluid in the catheter by 
the whipping motion of the catheter tip in the high velocity stream 
can result in superimposed waves of + 10 mm Hg (Figure 3.19). 
Catheter impact, which happens when the tip of the catheter is 
propelled into the rapidly moving valve leaflets or the vessel walls, 
causes high frequency transients to occur in the waveform. Both 
catheter whip and catheter impact are difficult to prevent and, to a 
certain extent, must be accepted in the clinical situation. 
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Figure 3.19 — Waveform illustrations of the catheter whip 
effect. 

a) Pulmonary artery pressure waveform without 
catheter whip. 

b) Pulmonary artery pressure waveform with super¬ 
imposed catheter whip effects. 

Waveforms are not simultaneous. 
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End pressure artifact, another type of transducer distortion, 
results from placing an end-hole catheter facing into a high flow 
stream. This occurs when measuring pressures in the aorta and left 
ventricle. Flowing blood possesses kinetic energy that partially con¬ 
verts to pressure when the blood suddenly comes to a stop. Since 
any measured blood pressure (total pressure) represents the sum of 
the hydrostatic, kinetic and lateral components, placing an end-hole 
catheter facing upstream leads to an elevated pressure measurement. 
For this reason, catheters intended for pressure measurement in the 
aorta and left ventricle are manufactured with multiple side ports in¬ 
stead of an end hole. This configuration negates the kinetic energy 
component and measures the lateral and hydrostatic pressures. 

3.5.2 Respiratory Effects 

The changes in intrathoradc pressure associated with breathing affect 
both central and peripheral blood pressure measurements. In cen¬ 
tral pressure measurements, especially pulmonary artery measure¬ 
ments, both systolic and diastolic pressures vary phasically with 
inspiration and expiration as a direct result of the pressure changes 
in the chest required to move air into and out of the lungs (Figure 
3.20). The least biased estimate of pulmonary artery and other cen¬ 
tral pressures occurs at end expiration, when intrathoracic pressure 
approximates atmospheric pressure. This is true for both normal and 
mechanical positive pressure ventilation. 

In the peripheral arteries, blood pressure variation is not due 
directly to pressure changes in the chest cavity, but rather to the effects 
of those changes on left ventricular stroke volume as dictated by the 
venous return. Normal, spontaneous respiration augments venous 
return during inspiration, whereas mechanical, controlled positive 
pressure ventilation reduces venous return during inspiration. This 
may produce large variations in peak systolic pressure while diastolic 
pressure changes little (Figure 3.21). Normally, this peak-to-peak var¬ 
iation should be less than 10 mm Hg. In some disease states this var¬ 
iation may be as high as 55 mm Fig. In the peripheral arteries, 
therefore, the best estimate of true pressure is the average of all beats 
over a representative respiratory cycle. 11 
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3.5.3 Transducer Zeroing 

To ensure accurate measurements, the transducer must be zeroed 
before any pressure monitoring. To zero the transducer, the moni¬ 
tor must measure atmospheric pressure by opening a stopcock or 
"zero port" To avoid errors due to hydrostatic pressure, it is essen¬ 
tial to position the zero port at the same horizontal level as the tip 
of the catheter (reference level). It is not necessary to have the trans¬ 
ducer exactly at the reference level since modem pressure amplifi¬ 
ers incorporate a zeroing system which can balance out a significant 
amount of transducer offset. As long as the relationship between the 
reference level and the transducer remains constant after zeroing, the 
pressures will be registered accurately. Consequently, if the zero port 
is below the reference level (that is, the catheter tip) when zeroing 
or if the reference level moves up after zeroing, the measured pres¬ 
sure will be 2 mm Hg high for each inch of offset (the weight of a 

1 inch column of saline solution). Conversely, the pressures will be 

2 mm Hg low for each inch that the zero port is above the reference 
level. This offset is not of great concern when monitoring systemic 
arterial pressures of 80 to 200 mm Hg, but becomes highly signifi¬ 
cant when measuring central pressures such as pulmonary capillary 
wedge pressure that averages about 5 mm Hg (Figure 3.22). Ideally, 
all blood pressure measurements should be performed with the 
catheter tip and zero port positioned at the level of the atria (phle- 
bostatic axis). 

4.0 NONINVASIVE (INDIRECT) 

MEASUREMENT TECHNIQUES _ 

4.1 Auscultatory Measurement 

The noninvasive, or indirect, blood pressure measurement is the most 
common method for assessing a person's pressure status. The aus¬ 
cultatory technique employs the familiar pressure cuff, hand pump, 
manometer, and stethescope. The complete device, known as a 
sphygmomanometer, uses a pneumatic cuff encircling the upper arm, 
and a pressure gauge (manometer) to indicate the pressure in the 
cuff. Manometers are of two types: aneroid, in which pressure is 
measured by a mechanical transducer and displayed on a dial, and 
mercury, in which pressure elevates a column of mercury in a cali- 
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12" fluid 
column 
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NOTE: This is a satisfactory setup even though transducer 
is not at reference level, because amplifier will balance out 
12" fluid column offset. 
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Paley 

manifold 


Figure 3.22 — Illustrations of transducer placement in a 
critical care setting. 


3-way stopcock 


NOTE: This is an unsatisfactory setup unless the zero port 
is raised to reference level each time zeroing is performed. 
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brated glass tube. Since an aneroid manometer is a spring-loaded 
mechanical device, it may become inaccurate with frequent use and 
therefore must be regularly calibrated with a mercury manometer. 

In practice, the pneumatic cuff is applied to the upper arm and 
pumped up to a pressure greater than the systolic blood pressure 
in the underlying large brachial artery. The cuff pressure collapses 
the artery and stops blood flow to the lower arm. The pressure in 
the cuff is gradually released through the valve in the hand pump. 
When the cuff pressure drops slightly below systolic arterial pres¬ 
sure blood begins to spurt through the partially compressed segment 
of the brachial artery producing arterial sounds (Figure 4.1A). 

4.1.1 Korotkoff Sounds 

The spurting blood from the compressed brachial artery produces 
turbulence and vibrations within the vessel which create noises 
known as Korotkoff sounds. The stethoscope, when placed on the 
arm over the brachial artery just distal to the cuff, detects these Korot¬ 
koff sounds. As the cuff pressure decreases, the Korotkoff sounds 
finally disappear with restoration of laminar flow of blood in the 
brachial artery (Figure 4.1B). 

Five phases of Korotkoff sounds are commonly heard during 
cuff deflation (Table 4.1). While the onset of the Korotkoff sounds 
(phase I) is the accepted point for systolic pressure, the diastolic pres¬ 
sure endpoint has been subject to controversy over the years. In 1967, 
the American Heart Association (AHA) advised that the pressure 
at muffling of the sounds (phase IV) be considered the diastolic pres¬ 
sure. 11 In its latest recommendations published in 1981, the AHA 
specified the use of the point of cessation of Korotkoff sounds (phase 
V) as diastolic pressure except in those individuals in whom the 
sounds continue to 0 mm Hg, in which case phase IV should be in¬ 
terpreted as diastolic pressure. 12 The lack of phase V is associated with 
certain diseases and is also a naturally occurring phenomenon dur¬ 
ing vigorous exercise. The AHA's reasoning for this revised specifi¬ 
cation is that the absence of sound (phase V) is less subjective than 
the muffling of sound (phase TV) and therefore should provide more 
consistent data for epidemiological purposes. 
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TABLE 4.1 

Phase I. 


Phase II. 


Phase m. - 
Phase IV. - 

Phase V. 


The Five Phases of Korotkoff Sounds in Indirect 
Blood Pressure Measurement 


The first sounds detectable when the falling cuff pres¬ 
sure is slightly below the systolic pressure. These 
sounds are soft at the start, then they rapidly increase 
in intensity. They are detected over a range of 10 to 
15 mm Hg as the cuff is deflated. Systolic pressure is 
considered to be the level at which phase I Korotkoff 
sounds are initially heard. 

This phase begins when a murmur-like sound occurs. 
These sounds may quickly fade and occasionally may 
be transiently undetectable as the cuff pressure 
decreases, creating an 'auscultatory gap,' or silent peri¬ 
od. The examiner may miss this gap if the cuff is not 
sufficiently inflated to obliterate the pulses. This could 
result in a falsely low systolic pressure reading. The 
pressure range of phase II Korotkoff sounds is 15 to 
20 mm Hg. 

The Korotkoff sounds take on a 'thumping' quality 
and are at their loudest. 

The pitch and intensity of the sounds change abrupt¬ 
ly, taking on a muffled tone. This typically occurs at 
a slightly higher arterial pressure than true diastolic 
pressure. 

As the cuff pressure continues to decrease, the sounds 
disappear completely. The point of disappearance of 
the sounds is phase V, which usually occurs at a level 
slightly below true intravascular diastolic pressure. 
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Figure 4.1 — An illustration of the auscultatory method 
of blood pressure measurement. 
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4.1.2 Limitations and Sources of Error 

The auscultatory technique for measuring blood pressure is simple 
and uses a minimum of equipment. However, this method is sub¬ 
ject to a number of limitations and sources of error. 14-21 Obtaining an 
accurate auscultatory blood pressure is difficult in a noisy environ¬ 
ment. The operator must possess good hearing acuity for low fre¬ 
quency sounds (20 to 300 Hz). Auscultatory technique also often fails 
to give accurate pressures for infants and hypotensive patients (for 
example, those experiencing shock). 

The auscultatory method, although less technologically 
demanding than invasive blood pressure monitoring, requires atten¬ 
tion to details of technique (Figure 4.2). The correct size of the oc¬ 
clusive cuff is crucial to obtain accurate blood pressure readings (Table 
4.2). Use of an incorrect cuff size can produce a falsely high or low 
reading (Figure 4.3). In general, undersized or loosely applied cuffs 
will overestimate, and oversized cuffs underestimate the true aus¬ 
cultatory blood pressure. The AHA has recommended that the width 
of the air bladder inside the cuff equal 40% of the circumference of 
the limb on which it is placed and the length of the bladder be ap¬ 
proximately twice the recommended width (that is, bladder length 
equal to 80% of arm circumference). 


TABLE 4.2 Recommended Sphygmomanometer Cuff Sizes 


Cuff Name 

Arm 

Circumference 

(mid-arm) 

(cm) 

Bladder 

Width 

(cm) 

Bladder 

Length 

(cm) 

Newborn 

5-7.5 

3 

5 

Infant 

7.5 -13 

5 

8 

Child 

13-20 

8 

13 

Small Adult 

17-26 

11 

17 

Adult 

24-26 

13 

24 

Large Adult 

32-42 

17 

32 

Thigh 

42-50 

20 

42 


Adapted from: American Heart Association. Recommendations for human blood pressure determina¬ 
tion by sphygmomanometers. Stroke 12:555A-564A, 1981. 
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Figure 4,2 — A schematic of the sources of error in aus¬ 
cultatory blood pressure measurement. 
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Figure 4.3A — Illustration of the error expected for in¬ 
direct blood pressure when the cuff width deviates from 
40% of the member circumference. 
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Figure 43B — Illustration of the transmission of cuff pres¬ 
sures to tissues of the arm. 
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Failure to properly place the head of the stethoscope directly 
over the brachial artery can cause Korotkoff sounds of low intensity 
leading to erroneous pressure readings. Also, excessive application 
pressure may produce a persistance of Korotkoff sounds, which may 
result in a gross underestimate of diastolic pressure. The AHA recom¬ 
mends that the bell of the stethoscope rather than the more com¬ 
monly employed diaphragm be used to measure blood pressure 
(Figure 4.4). 

Another potential problem with the auscultatory method is the 
phenomenon of the auscultatory gap. This period of silence during 
the second phase of the Korotkoff sounds may cause the observer 
to underestimate the systolic pressure by as much as 100 mm Hg. 
Such an error can be avoided by ensuring that the occluding cuff is 
quickly inflated to a point approximately 20 mm Hg above the ob¬ 
literation of either the brachial or radial pulse as determined by pal¬ 
pation of the radial or brachial artery. The auscultatory gap generally 
occurs in hypertensive patients and can result in failure to detect se¬ 
vere hypertension in some individuals. 

Another limitation of the auscultatory technique relates to the 
fact that this method does not provide a measurement of mean blood 
pressure. Mean pressure may be estimated using the formula given 
in Section 1.3, though the accuracy and precision of this estimate is 
subject to many potential variables. 

Despite its limitations, the auscultatory technique can provide 
accurate and repeatable blood pressure measurements in the hands 
of a skilled operator. Due to the naturally occurring minute by minute 
variations in blood pressure, several auscultatory measurements 
should be taken to obtain an accurate profile of the patient's blood 
pressure. 













4.2 Automated Noninvasive Measurement 


4.2.1 Auscultatory Measurement 

Noninvasive blood pressure measurement can be automated by 
replacing the hand pump with an automatic pump that is activated 
for a single measurement or set to inflate the cuff periodically at a 
predetermined interval. The blood pressure is measured by the aus¬ 
cultatory method, using a small microphone placed in the cuff to 
detect the Korotkoff sounds. A computerized program then deter¬ 
mines the blood pressure measurement. With this instrumentation, 
the user must exercise care in applying the cuff so that the micro¬ 
phone lies directly over the brachial artery to ensure accurate sound 
detection. 

4.2.2 Oscillometric Measurement 

The automated oscillometric method of noninvasive blood pressure 
measurement has distinct advantages over the auscultatory method. 
Since sound is not used to measure blood pressure in the oscillo¬ 
metric technique, high environmental noise levels such as those found 
in a busy clinic or emergency room do not hamper the measurement. 
In addition, because this technique does not require a microphone 
or transducer in the cuff, placement of the cuff is not as critical as 
it is with the auscultatory or Doppler methods. The oscillometric 
method works without a significant loss in accuracy even when the 
cuff is placed over a light shirt sleeve. The appropriate sized cuff can 
be used on the forearm, thigh, or calf, as well as in the traditional 
location of the upper arm. A disadvantage of the oscillometric method 
is that excessive movement or vibration during the measurement can 
cause inaccurate readings or failure to obtain any reading at all, as 
is true of the auscultatory method as well. 
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The oscillometric technique operates on the principle that as 
an occluding cuff deflates from a level above systolic pressure, the 
artery walls begin to vibrate or oscillate as the blood flows turbulently 
through the partially occluded artery and that these vibrations will 
be sensed in the transducer system monitoring cuff pressure. As the 
pressure in the cuff further decreases, the oscillations increase to a 
maximum amplitude and then decrease until the cuff fully deflates 
and blood flow returns to normal. The cuff pressure at the point of 
maximum oscillations usually corresponds to the mean arterial pres¬ 
sure. The point above mean pressure at which the oscillations begin 
to rapidly increase in amplitude correlates to the systolic pressure; 
and the point below the maximum at which the oscillations begin 
to rapidly decrease in amplitude correlates with diastolic pressure 
(Figure 4.5) 22-24 These correlations have been derived and proven 
empirically but are not yet well explained by any physiologic theory. 
The actual determination of blood pressure by an oscillometric device 
is performed by a proprietary algorithm developed by the manufac¬ 
turer of the device. 

4.2.3 Doppler Ultrasound Measurement 

The Doppler ultrasound method employs two piezoelectric crystals 
located between the occluding cuff and the surface of the arm. One 
crystal generates ultrasonic waves (about 8 MHz) that are directed 
at the arm surface over the brachial artery. 25 The other crystal receives 
the waves reflected by the artery and surrounding tissues. If the 
reflecting surfaces are stationary, then the signal is reflected without 
change in frequency. However, if the artery wall is in motion when 
it reflects the ultrasonic waves, the signal returning to the receiving 
crystal shifts in frequency according to the Doppler effect. This shift 
in frequency (Af) can be amplified and heard by an observer or seen 
on a display. 
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Figure 45 — Illustration of the oscillometric method of 
blood pressure measurement. 
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In the normal, uncompressed brachial artery, laminar flow 
produces little or no movement of the artery wall. In the completely 
compressed artery, no movement of the wall occurs. However, when 
the occluding cuff is inflated to a level between systolic and diastolic 
pressures, blood spurts through the artery when arterial pressure 
exceeds cuff pressure. As the artery opens and closes, the moving 
arterial wall causes a Doppler shift of the incident ultrasound signal. 
Therefore, as the cuff is deflated from above systolic to below diastolic 
pressure, clicking sounds will appear then disappear in a fashion 
similar to the auscultatory method (Figure 4.6). 

Due to the extreme dependence of Doppler ultrasound meas¬ 
urement of blood pressure on precise placement of the cuff and trans¬ 
ducer, it is generally used only in cases where the auscultatory 
method fails. Such circumstances include an extremely noisy environ¬ 
ment such as in a helicopter during transport, and for measurements 
on infants and persons in shock. The Doppler ultrasound technique 
can be used in more noisy environments than the auscultatory 
method because the change in frequency is usually above 200 Hz, 
whereas the Korotkoff sounds are mostly below 200 Hz, a range to 
which the human ear is less sensitive. 25 
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Figure 4.6 — Illustration of the principle of indirect blood 
pressure measurement with Doppler-shifted ultrasound. 
Each movement of the reflecting surface (the arterial wall) 
generates a characteristic Doppler-shift signal at the in¬ 
strument output. 
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4.2.4 Noninvasive Continuous Finger 
Blood Pressure Monitoring 

A recently developed variation of the oscillometric method employs 
a photoplethysmograph located inside a small finger cuff that detects 
changes in blood volume under the cuff based on changes in the 
amount of light transmitted through the finger. When the cuff is 
inflated to a point near mean arterial pressure, the output of the 
plethysmograph varies directly with changes in blood volume, which 
directly relates to the desired parameter, blood pressure. In the 
method first proposed by Penaz, a servo control system controls cuff 
pressure to maintain constant blood volume in the finger (Figure 4.7). 
The servo system is driven by a feedback circuit from the output of 
the plethysmograph. Provided that the servo system can react rapidly 
enough to track arterial pressure, the pressure in the cuff should be 
the same at all times as the pressure in the finger artery. 26 / 27 

This method provides accurate results in resting and anesthe¬ 
tized patients, but, due to a very high sensitivity to movement and 
transient changes in the vasoconstrictive state of the finger, its use¬ 
fulness in the ICU or ambulatory setting has not been established. 

4.3 Correlation Between Direct 
and Indirect Measurements 

Clinicians have long noted that direct blood pressure measurements 
do not always correlate with indirect measurements. This should not 
be surprising because of the different principles underlying the 
various methods. The direct method measures blood pressure, while 
indirect techniques correlate pressure in an occlusive cuff with 
phenomena related to blood flow. Since flow is only one of many 
determinants of blood pressure, it follows that the direct measure¬ 
ment may respond to factors independent of blood flow and thus 
produce a discrepancy between the two methods even when proper 
technique is used and equipment is well maintained. One can usually 
predict the direction, but not the amount, of such a discrepancy. 


91 





Figure 4.7 — Diagram illustrating the servo-plethysmo- 
manometer by Penaz. Following the arrows in the dia¬ 
gram a dosed servo loop is traced. A finger (F) is shown 
in a rigid cuff (S) illuminated by a lamp (L). The plethys- 
mogram is from a photocell (PC). In closed loop opera¬ 
tion, with switch (SW) as shown, the output horn the 
photocell is compared with a constant reference level (Cl). 
Any difference is amplified by a differential amplifier 
(DA), and shown on the volume output (V(PG)). An elec¬ 
tronic controller (PID), followed by power amplifier (PA), 
drives the electropneumatic transducer (EPT). Cuff pres¬ 
sure is read by the manometer M(CP) supplied by a 
source of compressed air (COMPR). 


COM PR 


V(PG) C 2 
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Generally, indirect methods of blood pressure measurement 
underestimate direct systolic pressure by 0 to 50 mm Hg. This incon¬ 
sistency is due partially to the normal physiologic pulse wave dis¬ 
tortion mechanisms discussed in Section 2.5. With respect to diastolic 
pressure, the accuracy of indirect methods will vary depending on 
the technique and algorithm used. Using the standard auscultatory 
method (Korotkoff method), phase IV slightly overestimates and 
phase V slightly underestimates the direct diastolic measurement. 
Most automated indirect blood pressure devices attempt to mimic 
the auscultatory method and correlate their diastolic measurement 
with auscultatory phase V, which may underestimate direct diastol¬ 
ic pressure. 

These differences between direct and indirect blood pressure 
measurements are to be expected in normal individuals. Certain nor¬ 
mal and abnormal physiologic conditions can increase the variation. 
For example, in persons with extreme hypotension and increased 
peripheral resistance (shock), indirect methods, especially the aus¬ 
cultatory technique, can fail completely due to the profoundly 
decreased blood flow, which occurs in such circumstances. In con¬ 
trast, the high flow rate and decreased peripheral resistance seen dur¬ 
ing exercise and in some diseases can cause Korotkoff sounds to 
continue to 0 mm Hg, confounding those indirect methods that use 
phase V as the diastolic endpoint. It should be emphasized that any 
auscultatory estimate of blood pressure may overestimate or underes¬ 
timate the corresponding direct (invasive) value depending upon a 
multitude of factors, many of which are poorly understood or not 
recognized. 

Finally, of the indirect methods in use today, only the oscillo- 
metric methods give a true measurement of mean arterial pressure. 
The other indirect methods rely on a calculated estimate of mean pres¬ 
sure which can be as much as 30 mm Hg from the true mean arteri¬ 
al pressure. 
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8.0 GLOSSARY 


Action potential — The electrical activity developed in 
a muscle or nerve cell during activity. 

Algorithm — A procedure for solving a mathematical 
problem in a finite number of steps that 
frequently involves repetition of an operation. 

Antegrade — Moving or extending forward; also 
called anterograde. 

Aorta — The great trunk artery that carries blood 
from the heart for distribution by the branch 
arteries throughout the body. 

Aortic — Of or pertaining to the aorta. 

Arrhythmia — An alteration of either time or force of 
the rhythm of the heartbeat. 

Arteriole — One of the small endings of an artery 
that becomes the capillaries. 

Arteriosclerosis — A group of diseases characterized 
by thickening and loss of elasticity of arterial walls. 

Artery — A vessel or tube-like structure through 

which the blood passes away from the heart to 
the various parts of the body. 

Artifact — Any structure or feature that is not normal 
or natural; distortions, abberations, and 
inaccuracies of the normal blood pressure 
waveform. 

Atria — Plural for atrium (See definition below). 

Atrial kick — Same as atrial systole (See definition 
below). 

Atrial systole — Phase of the atrial cycle that 
corresponds to the atrial contraction. 

Atrioventricular valves — Valves located between the 
cavities of the atrium and ventricle in each half 
of the heart; these valves permit blood to flow 
from the atrium to the ventricle but not from 
the ventricle to the atrium. 


VII. NONINVASIVE MEASUREMENT OF 

ARTERIAL COMPLIANCE 

Nakayama R, Azuma T: Noninvasive measure¬ 
ments of digital arterial pressure and 
compliance in man. Am J Physiol 
233:H168-H179, 1977. 

Yamakoshi K, Shimazu H, Togawa T, Ito H: Ad¬ 
mittance plethysmography for accurate 
measurement of human limb blood flow. 
Am J Physiol 235:H821-H829, 1978. 

Simon AC, Safar ME, Levenson JA, et al.: An 
evaluation of large arteries compliance in 
man. Am J Physiol 237:H550-H554, 1979. 

Shang-da C, Xue-han N, Chao-nien C, Zhang- 
ming C: Noninvasive determination of ar¬ 
terial compliance. Med Biol Eng Comput 
21:424-429, 1983. 

Bell LB, Zuperku EJ, Kampine JP: Technique for 
continuous measurement of compliance 
in isolated vascular segments. Am J Phys¬ 
iol 250:R142-R149, 1986. 


Atrium — A chamber; used in anatomical 

nomenclature to designate a chamber allowing 
entrance to another structure or organ; usually 
used alone to designate a chamber of the heart. 

Auricle — The chamber(s) of the heart that receives 
blood from the veins and forces it into the 
ventricle(s). Used most commonly in reference 
to nonhuman anatomy. 

Auscultate — To examine by listening, usually to the 
sounds of the thoracic or abdominal viscera 
with or without a stethoscope. 

Auscultation — The act of listening for sounds within 
the body, chiefly for ascertaining the condition 
of the heart or other organs. 

Auscultatory — Of or pertaining to auscultation; a 
noninvasive method of blood pressure 
measurement. 

A-V valves — See atrioventricular valves. 

Bisferious — Having two beats; usually refers to a 
widely notched arterial pulse that is sometimes 
palpable. 

Bronchial — Pertaining to one or more bronchi. 

Bronchus — (pi. bronchi) Any of the larger air 

passages of the lungs, having an outer fibrous 
coat with irregularly placed plates of hyaline 
cartilage, an interlacing of smooth muscle, and 
a mucous membrane of columnar epithelial cells. 

Capacitance — See compliance. 

Capillaries — Any of the smallest vessels of the 

vascular system that connects an arteriole with 
a venule to complete the formation of blood 
vessel networks throughout the body. 

Cardiac — Pertaining to the heart. 
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Cardiac cycle — The period from the end of one 
heart contraction to the end of the next 
contraction; the cardiac cycle consists of a 
period of relaxation called diastole followed by a 
period of contraction called systole. 

Cardiac output — The volume of blood pumped by 
each ventricle per minute; cardiac output is 
usually expressed as liters per minute. Cardiac 
output is determined by multiplying the heart 
rate and the volume of blood ejected by each 
ventricle during each heart beat (stroke volume) 
[Cardiac output = heart rate X stroke volume]. 

Catheter — A tubular medical device for inserting 
into canals, vessels, passageways, or body 
cavities to permit injection or withdrawal of 
fluids, to keep passages open, or to measure an 
internal body parameter. 

Catheter whip — Oscillation of the tip of the catheter 
in time with the cardiac cycle during the 
movements of the heart. Catheter whip 
produces artifacts that are superimposed upon 
the pressure pulses recorded during invasive 
blood pressure measurement. 

Central venous pressure (CVP) — The venous 

pressure as measured at the right atrium; also 
called right atrial pressure (RAP). 

Compliance — A quality of yielding to pressure or 
force without disruption, or an expression of 
the measure of the ability to do so, as an 
expression of the distensibility of an air- or 
fluid-filled organ, eg., the lung or urinary 
bladder, in terms of unit of volume change per 
unit of pressure change. 

Damping — The process of decreasing the amplitude 
of a wave; the 'shock absorber' effect of 
retarding free vibrations in the catheter 
monitoring system. 

Diastasis — The middle third of diastole when the 
inflow of blood into the ventricles has nearly 
stopped; the rest period of the cardiac cycle that 
occurs just before systole. 

Diastole — The dilatation or period of dilatation of 
the heart, especially of the ventricles; diastole 
coincides with the interval between the second 
and first heart sounds. 

Diastolic — Of or pertaining to diastole. 

Dicrotic — Having a double beat; related to the 

sound expansion of the artery that occurs dur¬ 
ing the diastole of the heart. 

Dilation — The action of dilating or stretching. 

Dilatation — The condition of being dilated or 

stretched beyond the normal dimensions; the 
act of dilating or stretching an orifice or tubular 
structure, for example. 

Distal — Remote; farther from any point of reference; 
opposed to proximal. 

End-diastolic volume — The amount of blood in the 
ventricle just prior to systole. 

Endothelium — The layer of epithelial cells that lines 
the cavities of the heart, the serous cavities of 
the body, and the vessels of the blood and 
lymph systems. 


French scale — A scale used for denoting the size of 
catheters, sounds, and other tubular instruments 
with each unit being roughly equivalent to 0.33 
mm in diameter (for example, an 18 French 
measurement is equivalent to a diameter of 6 mm). 

Frequency — The number of occurrences of a period¬ 
ic process in a unit of time; the number of 
vibrations made by a particle or ray in one 
second; in electricity, the rate of oscillation or 
alternation in an alternating current. 

Frequency response — The upper and lower frequen¬ 
cies at which the amplitude response has fallen 
to 3 decibles below the mid-frequency value. 

Heart failure — A clinical syndrome characterized by 
distinctive symptoms and signs resulting from 
disturbances in cardiac output or from in¬ 
creased venous pressure. Most often applied to 
myocardial failure with increased pressures dis¬ 
tending the ventricle (high end-diastolic pres¬ 
sure [EDP]) of the heart and a cardiac output 
inadequate for the body's needs; often subclas¬ 
sified as right- or left-sided heart failure de¬ 
pending on whether the systemic or pulmonary 
veins are predominantly distended. 

Hemodynamics — The study of movements of the 
blood and of the forces associated with the 
blood system. 

Hertz — A unit of frequency equal to one cycle per 
second; abbreviated Hz. 

Hydrostatic — Pertaining to a liquid in a state of 
equilibrium. 

Hydrostatic pressure — The pressure at any level on 
water (or blood) at rest due to the weight of the 
water (or blood) above it. 

Hypertension — Persistantly high arterial blood 
pressure. 

Hypertrophic — Pertaining to or marked by hypertrophy. 

Hypertrophy — The enlargement or overgrowth of an 
organ or part due to an increase in size of its 
constituent cells. 

Hypotension — Abnormally low blood pressure; seen 
in patients with shock but not necessarily in¬ 
dicative of this condition. 

Incisura — A cut, notch, or incision; the notch in the 
aortic and pulmonary artery blood pressure 
waveforms which occurs when the semilunar 
valves close. The incisura is caused by a short 
period of backward flow of blood immediately 
prior to closure of the valves. 

Interstitial —* Pertaining to or situated between parts 
or in the interspaces of a tissue. 

Intrapleural space — The space within the pleura 
(See definition below). 

Isometric — Maintaining, or pertaining to, the same 
measure of length; of equal dimensions; not 
isotonic. 

Isovolumetric contraction — The first phase of ven¬ 
tricular systole; begins with the closure of the 
atrioventricular valve and ends with the open¬ 
ing of the semilunar valve. Tension increases in 
the muscle but no shortening of the muscle 
fiber occurs. 
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Isovolumetric relaxation — The first phase of ventric¬ 
ular diastole; begins with the closure of the 
semilunar valve (See definition below) and 
ends with the opening of the atrioventricular 
valve. 

Mean pressure — The average of all values of pres¬ 
sure observed at the measurement site over a 
number of cardiac cycles. 

Mitral valve — A cardiac valve that consists of two 
triangular flaps and guards the orifice between 
the left atrium and ventricle; also called the bi¬ 
cuspid valve. 

Myocardium — The middle and thickest layer of the 
heart wall; composed of cardiac muscle. 

Natural frequency — The frequency at which an ob¬ 
ject or system will vibrate if struck and allowed 
to vibrate freely. 

Oscillation — A backward and forward motion, like a 
pendulum; also described as a vibration, fluctu¬ 
ation, or variation. 

Oscillometer — An instrument for measuring oscilla¬ 
tions of any kind, such as changes in the 
volume of the arteries accompanying the heart 
beat. 

Palpation — The act of feeling with the hand; the ap¬ 
plication of the fingers with light pressure to 
the surface of the body to determine the consis¬ 
tence of parts beneath the surface in a physical 
examination. 

Percutaneous — Through the skin. 

Pericardial — Pertaining to the pericardium (See defi¬ 
nition below). 

Pericardium — The fibroserous sac that surround the 
heart and the roots of the great vessels, com¬ 
prised of an external layer of fibrous tissue and 
an inner serous layer. The base of the peri¬ 
cardium is attached to the central tendon of the 
diaphragm. 

Peripheral resistance — The resistance to the passage 
of blood through the small blood vessels, espe¬ 
cially the arterioles. 

Peripheral resistance unit (PRU) — The unit used to 
measure resistance in a blood vessel, usually 
given in milliliters (ml) of mercury per milliliter 
(ml) per minute. 

Phlebostatic axis — The reference point for human 
blood pressure measurement; located at the 
level of the atria. 

Pleura — The serous membrane investing and inter¬ 
spersed throughout the lungs and lining of the 
thoracic cavity, completely enclosing a potential 
space known as the pleural cavity. Two distinct 
pleurae exist, right and left, both of which are 
moistened with a serous secretion that facili¬ 
tates the movements of the lungs in the chest 
cavity. 

Protodiastole — Early diastole; the period of slow 
ejection during the ventricular cycle. 

Proximal — Nearest; closer to any point of reference; 
opposed to distal. 

Pulse pressure — The difference between the systolic 
and diastolic pressures. 


Resistance — Opposition or counter-acting force; an 
impediment to blood flow in a vessel. 

Retrograde — Going backward; retracing a former 
course. 

S-A node — See definition below for sinoatrial node. 

Semilunar valve — A valve having semilunar (resem¬ 
bling a crescent or half-moon) cusps; for exam¬ 
ple, the aortic valve and the pulmonic valve. 

Septum — A dividing wall or partition. 

Sinoatrial node — A microscopic collection of atypical 
cardiac muscle fibers at the superior end of the 
sulcus terminalis and at the junction of the su¬ 
perior vena cava and right atrium; also called 
sinus node. The cardiac rhythm normally be¬ 
gins at the sinoatrial node so that this node is 
also known as the pacemaker of the heart. 

Snap test — The quick test used in a clinical situation 
to assess the amount of damping of a pressure 
measurement system, which provides a 
reasonable estimation of the step response of 
this system. 

Stroke volume — The amount of blood ejected from a 
ventricle at each beat of the heart. 

Swan-Ganz catherter — A type of Folley catheter with 
an inflatable balloon located close to the tip; the 
balloon expidites passage of the catheter 
through the heart (following the flow of blood) 
and obtains the wedge pressure reading. 

Systole — The contraction, or period of contraction, 
of the heart, especially that of the ventricles. 
Systole coincides with the interval between the 
first and second heart sound during which 
blood is forced into the aorta and the pulmo¬ 
nary trunk. 

Systolic — Pertaining to or produced by the systole; 
occuring along with the ventricular systole. 

Tachycardia — Relatively rapid heart action. 

Thoracic — Pertaining to or affecting the chest. 

Transducer — A device that converts fluid pressures 
to electrical voltages. Standardized transducers 
are interchangeable because they generate the 
same amount of voltage output per unit of fluid 
pressure applied. The resting output voltage of 
the transducer is known as the offset with the 
atmospheric pressure applied to the sensing 
membrane, which if often some other value 
than 0 volts. 

Tricuspid valve — The valve composed of three flaps 
that prevents the reflux of blood from the right 
ventricle to the right atrium. 

Vasoconstriction — The lowering of the caliber of 

blood vessels, especially the tightening or con¬ 
striction of the arterioles leading to decreased 
blood flow to that body part. 

Vasodilation — Dilation or opening up of a blood 

vessel, especially of the arterioles leading to in¬ 
creased blood flow to that body part. 

Ventricle — A chamber of the heart that receives 
blood from a corresponding atrium and from 
which blood is forced into the arteries. 
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Venae cava — The vena cava inferior and superior 
(See definitions below). 

Vena cava inferior — The inferior vena cava; the 

venous trunk for the lower extremities and for 
the pelvic and abdominal viscera; it begins at 
the level of the fifth lumbar vertebra where the 
common iliac veins unite, passes upward on 
the right of the aorta, and empties into the 
right atrium of the heart. 

Vena cava superior — The superior vena cava; the 
venous trunk draining blood from the head, 
neck, upper extremeties, and chest; it begins 
where the two brachiocephalic veins unite, 
passes directly downward, and empties into the 
right atrium of the heart. 


Venule — A small vein; especially one of the minute 
veins connecting the capillary bed with the 
larger systemic veins. 

Volumetric compliance — The amount of volume in¬ 
crease per unit of applied pressure in the 
catheter pickup system; usually due to elasticity 
of components. 

Wedge pressure — Intravascular pressure as meas¬ 
ured by a catheter introduced into the pulmo¬ 
nary artery; the wedge pressure provides an 
indirect measurement of the mean left atrial 
pressure. 

Zeroing — Adjusting the pressure measurement sys¬ 
tem for a reading of "0" while applying at¬ 
mospheric pressure to the sensing membrane; 
some amplifiers have automatic, push-button 
type zeroing. 
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measured by.52 
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damping.38 
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errors in measurement.70, 73 
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Capillaries.9 

Cardiac cycle.11, 17 
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Cardiac output.5 

Catheter(s) 

central pressure.43, 48 

constant infusion system.61 
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French scale for.43, 44 

impact, pressure measurement artifact .... 70, 73 
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percutaneous.41 

pulmonary artery.41, 48 
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surgical cut-down.41 
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transducers, catheter-tip.41 

whip, pressure measurement artifact.70, 73 

Cardiovascular pressure 

adult normal values.51 
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Central venous pressure (CVP).48, 51 
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107 




































































Circulatory (cardiovascular) system.3 
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Damping (of blood pressure measurement) .38 

frequency dispersion.38 
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pressure wave reflection.39 
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tapered tube effect.38 
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Diastole .15 
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transmission (AC analogy).37, 51 
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Doppler ultrasound.87, 89 

blood pressure measurement.89 

Doppler shift.87 
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Laminar flow.25 
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measured by.52 
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definition.19 

equation.19 
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NonNewtonian fluids.27 
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free.53 
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pressure measurement artifact.70, 73 
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Fluid-filled systems .53 
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forced oscillation method.53 
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Heart .3 
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vascular system.11 
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vascular.29, 31 

Incisura.38, 39 

Intravascular transducer.66 

catheter-tip.66 

Isovolumic contraction.13 


Peripheral arterial pressure.43, 44, 48, 51 

catheters.41 

in children.43, 44 

Peripheral resistance unit (PRU).35, 36, 39 

Photoplethysmograph.91 

Phlebostatic axis.76 

Poiseuille's Law.27, 29 

Precapillary sphincters.33 

Pressure transducer(s).41 

Pressure transmission.19, 21 

Pressure wave reflection.38 

Pressure waves.17 

a wave.17 

c wave .17 

v wave .17 

Protodiastole.13 

Pulmonary artery pressure.36, 48, 51, 52 

catheter for.48 

mean .36, 51 

measured by.52 

Pulmonary capillary wedge pressure (PCWP) . . 36, 51 

measured by.52 

Pulmonary circulation.3, 9 

mean .35, 51 

Pulmonary semilunar valve.5 

Pulmonary vascular resistance (PVR).39 

equation.39 

Resistance, vascular.33, 35 

Reynolds' Number (Re).25 

Right ventricular pressure (RVP) 

measured by.51, 52 

Servo control system.91 

finger blood pressure measurement.91 

Sinoatrial node.11 

Sphincter(s) 

precapillary.33 
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Sphygmomanometer.76 

aneroid.78 

cuff size, recommended .81 

mercury.76 

Strain gauge .64 

transducer.64, 66 

Stubbs gauge scale 

for catheter diameter.43 

Systemic circulation.3, 7, 9 

Systemic vascular resistance (SVR).36, 39 

Systole.5 

Systolic pressure.19, 51 

amplification, peripheral.38 

definition.19 

mean pressure equation.19 

transmission (AC analogy).37 

Tapered tube effect.38 

Transducer(s) 

catheter-tip .41, 66 

disposable.70 

distortions in measurement.70 

errors in measurement .70 

Millar Mikro-tip™ .66 

pressure.41 

respiratory effects.73 

strain-gauge type.64 

zeroing.73, 76 


Vascular impedance.29 

calculation of.29 

measurement.31 

Vascular resistance.34, 35 

measures of .39 

peripheral resistance unit (PRU).39 

systemic vascular resistance (SVR) ..36 

equation.36 

Wood unit.35, 39 

vascular resistance unit (VRU).35, 39 

Veins.3, 9 

Venous system .9 

Ventricular cycle.13 

isovolumic contraction.13 

protodiastole.13 

rapid ejection.13 

Wood unit.35, 39 
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